Composites with poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonic acid), PEDOT-PSS, as the matrix containing ZSM-5 zeolites of various Si/Al ratios in the range of 23-280 at 20% (v/v) were fabricated to investigate the effect of Si/Al ratios on electrical conductivity sensitivity responses towards carbon monoxide (CO). The electrical conductivity responses of PEDOT-PSS/ZSM-5 composites were altered due to the available adsorption sites for CO molecules. The electrical conductivity sensitivity to CO increases with decreasing Si/Al ratios. The composites produce irreversible responses when replacing CO with nitrogen. The addition of ZSM-5 zeolites to the pristine PEDOT-PSS improves the electrical conductivity sensitivity of the composites by enhancing the interaction between PEDOT-PSS and CO gas. The composite of ZSM-5 zeolites with a Si/Al ratio equal to 23 gives the highest electrical conductivity sensitivity toward CO.
Introduction
For environmental and safety concerns, the development of sensors to detect the presence and the concentration of toxic or otherwise dangerous gases from spills and industrial leaks is needed. The fabrication of stable sensors with high sensitivity and very good selectivity towards the substance to be detected has been pursued.
CO is a very dangerous gas emitted from automobiles and industrial plants. Various materials have been employed in detecting CO at intermediate and low levels. Commercial CO gas sensors, typically based on semiconducting metal oxide sensors (e.g. tin oxide) and operating on the basis of catalytic reactions between the semiconductor and contact gases, produces a change in semiconductor conductance [1] . The metal oxide sensor provides rapid response, but it needs to operate at high temperature [2] [3] [4] . Various polymeric materials have been investigated as CO gas sensing materials due to their acid-base or oxidizing characteristics. The unique doping process of a conductive polymer makes it favorable towards the sensing characteristics, but the conductive polymer still has poor selectivity towards gaseous analyzes [5] [6] [7] [8] . The ultimate desired characteristics of gas sensors are: accuracy, reliability, selectivity, sensitivity, rapid responsibility, miniaturization capability, stability and low cost.
Currently, research on new gas sensing materials to be used as matrices on the sensor device is still being pursued. Conductive polymers have received increasing attention in the field of gas sensing materials [9] . The combination of conductive polymers with other materials such as metals or metaloxide nanoparticles [10] [11] [12] , carbon nanotubes [13] [14] , and insulating polymers [15] have been developed and studied.
Conductive polymers offer various advantages in sensor applications over their metallic counterparts: they are relatively low cost, their fabrication techniques are simple, they can be deposited on various types of substrates, they offer a wide choice of chemical structures, and their sensors can operate at near room temperature [16, 17] . Poly(3,4-ethylenedioxythiophene), or PEDOT, possesses excellent properties: ease of synthesis, excellent stability, and wet processability when doped with poly(styrene sulfonic acid) (PSS) [18, 19] . Becuase of these properties, PEDOT-PSS or PSS-doped PEDOT are potential candidates as new and unique sensory materials.
Recently, zeolites have been used in gas sensor applications in combination with conductive polymers [8, [20] [21] [22] . Because of the well-defined structure of a zeolite, it can separate the desired gas molecule from others and the presence of a cation in the cavity also facilitates gas interactions. The main reason for mixing a conductive polymer with a zeolite is to combine the advantages of the two materials. In our work, we propose to combine a conductive polymer, PEDOT, with ZSM-5 zeolites to investigate the potential of the composites for use as CO sensing materials. The effect of Si/Al ratios of the zeolite on electrical sensitivity responses of the composites are investigated and reported here.
Results and discussion
Characterization of poly (3,4-ethylenedioxythiophene) PEDOT-PSS was synthesized by the polymerization of 3,4-ethylenedioxythiophene (EDOT) in an aqueous solution of PSS using S 2 O 8 2-as the oxidant. From the FTIR spectrum of the PEDOT-PSS, the peaks at 1520 and 1339 cm -1 can be assigned to the C=C and the C-C stretching's in the thiophene ring [23, 24] and the peaks at 929 cm -1 and 834 cm -1 correspond to the symmetric vibration of C-S bond in the thiophene ring [23] [24] [25] . The peaks at 1127 and 1039 cm -1 are assigned to the stretching mode of the ethylenedioxy group [23, 24] , and the peaks at 1198 and 929 cm -1 correspond to the -SO 3 -and the S-OH stretching's of the PSS molecule [23, 26] . The vibration of the bending mode of the C-H bond in EDOT monomer (~892 cm -1 ) is not present [23] . This result confirms the formation of PEDOT molecular chains. The absorption peak at 1645 cm -1 can be assigned to the oxidation state of PEDOT which indicates the successful doping of the PEDOT polymer with PSS. In summary, the FTIR spectrum data indicate the successful formation of PEDOT molecular chains doped with PSS counterion. Four transitions were observed in the PEDOT-PSS thermograms: 30-110 °C, 160-380 °C, 380-550 °C, and 560-900 °C; they can be referred to as the loss of water, the side chain degradation, and the polymer backbone degradations of PSS and PEDOT, respectively [27, 28] . From the XRD patterns of the PEDOT-PSS, there is no characteristic peak observed by X-ray diffraction, the broad scattering background indicates the amorphous nature of the materials [27, 28] . The mean particle diameter of PEDOT-PSS_1:1 was determined to be approximately 34 ± 0.22 µm. The micrograph in Figure 1 of PEDOT-PSS particles shows rough surfaces and irregular shapes; they are moderately dispersed. The density of PEDOT-PSS_1:1 is 1.4750 ± 0.0003 g/cm 3 .
Characterization of Zeolite ZSM-5 and Composites
The 
Electrical conductivity under air and nitrogen exposure
The specific electrical conductivity measurements of PEDOT-PSS, zeolite ZSM-5, and composites under air were carried out at 27 ± 1 °C at 1 atm. The specific electrical conductivity of the PEDOT-PSS at various EDOT:PSS mole ratios under air exposure is shown in Figure 2 . It varies from (1.169 ± 0.003) x 10 1 S/cm to (1.802 ± 0.612) x 10 -3 S/cm as the EDOT:PSS mole ratio is varied from 1:1 to 1:10. The specific electrical conductivity of the PEDOT-PSS increases with EDOT:PSS mole ratio due to the reduction of the insulating PSS shell surrounding the conducting PEDOT-PSS grains, which improves the pathways for charge transport [29, 30] . Concerning the influence of the framework Si/Al ratio, we studied a series of zeolites having in common the same structure and charge-balancing cation, but differing in the framework Si/Al ratio in the range of 23-280. The specific electrical conductivity of the zeolites ZSM-5 ( Figure 2 ) decreases with increasing Si/Al mole ratio. It varies from (1.257 ± 0.028) x 10 -1 S/cm to (3.957 ± 1.592) x 10 -4 S/cm as the Si/Al mole ratio is varied from 23 to 280. This is due to the increase in the number of cations present with decreasing Si/Al ratio. Therefore, the ion migration increases which enhances the apparent electrical conductivity [31] . For the composites of PEDOT-PSS_1:1 with zeolite ZSM-5, the same result occurs for the specific electrical conductivity ( Figure 2) ; it varies from (7.415 ± 0.466) x 10 -1 S/cm to (8.853 ± 0.509) x 10 -2 S/cm as Si/Al mole ratio is varied from 23 to 280. The specific electrical conductivity values of the composites are lower than the pure PEDOT-PSS_1:1, but are higher than those of the pure zeolites. The electrical conductivity measurement of PEDOT-PSS_1:1 under air exposure is greater than the electrical conductivity value under N 2 exposure; this can be related to the interaction of oxygen and moisture in the air with the active sites [20] . is identified as the difference in the steady state electrical conductivity value when exposed to the target gas (CO) and the steady state electrical conductivity value when exposed to N 2 at the same pressure and temperature, namely 1 atm at 27 ± 1 °C. Due to the differences in initial electrical conductivity values of the various composites, the interaction between the target gas and the sensing materials can be compared through the electrical conductivity sensitivity (
), which is defined as the ratio of the electrical conductivity response and the electrical conductivity value under pure N 2 exposure at the same pressure and temperature.
Tab. 2. Electrical sensitivity of PEDOT-PSS_1:1 and its composites when exposed to CO under chamber temperature (T c ) of 27 ± 1 o C, at 1 atm; K = correction factor = 3.625 × 10 -4 (probe no. 1) and 7.759 × 10 -4 (probe no. 2).
The electrical sensitivity values of PEDOT-PSS_1:1 and its composites with zeolites when exposed to air, N 2 , and CO were measured under a chamber temperature (T c ) of 27 ± 1 °C at 1 atm (Figure 3 ). The electrical conductivity sensitivity of PEDOT-PSS_1:1/zeolite ZSM-5 composites toward CO negatively increase with decreasing the Si/Al mole ratio of the ZSM-5 zeolites. PEDOT-PSS_1:1/ZSM-5(Si/Al = 23) has the highest electrical conductivity sensitivity value, (-9.47 ± 0.10) x 10 -1 S/cm. For PEDOT-PSS_1:1/ZSM-5(Si/Al = 50), PEDOT-PSS_1:1/ZSM-5(Si/Al = 80), PEDOT-PSS_1:1/ZSM-5(Si/Al = 280), and PEDOT-PSS_1:1, the sensitivity values are (-8.03 ± 0.12) x 10 -1 S/cm, (-5.98± 0.14) x 10 -1 S/cm, (-8.45 ± 0.14) x 10 -2 S/cm, and (-5.72 ± 0.14) x 10 -2 S/cm, respectively. This result can be related to fact that the amount of cations increases with decreasing Si/Al ratio. ZSM-5(Si/Al = 23) has the highest aluminum content and thus the highest cation content in its zeolite framework; this leads to a higher number and strength of active sites available on the surface for the target gas molecules to diffuse deeper into the composites, and this enhances the interaction between the conductive polymer and the target gas; and the sensitivity increases. Further evidence is that we find that the recoverable response of PEDOT-PSS_1:1/ZSM-5(Si/Al = 23) is (-1.04± 0.81) x 10 -4 whereas the initial response is (-5.92± 4.05) x 10 -3 ; thus a great difference in response is observed. This suggests that the electrical conductivity response is irreversible when CO is replaced by N 2 . The irreversibility of conductive polymers has been reported in some literature. However, the irreversibility mechanism is still not clear. In a previous work, the researchers used a Ni-containing polymer, poly(ethylene oxide), as the active sensing material to detect the presence of carbon monoxide gas. In small concentrations, the sensor was fully recoverable; however, for very large 
Investigation of interactions of adsorbed CO
The interaction of CO and PEDOT-PSS was further investigated via FTIR spectroscopy under 1 atm at 27 ± 1 °C. The FTIR spectra of PEDOT-PSS before, during, and after the CO exposure are shown in Figure 5 . The adsorption peak that indicates the doping level of the polymer at 1645 cm -1 shifts to a lower wave-number position (1635 cm -1 ) after exposing to CO gas. This result is evidently related to the observed decrease in electrical conductivity of PEDOT-PSS when exposed to CO [33] . When the PEDOT-PSS is exposed to CO, the negative charge at the carbon atom of ⎯C≡O + is incorporated into the polymer backbone of the PEDOT (Figure 4 ). The positive charge of the polymer backbone becomes neutral and the transport of charge carriers is hindered, thus accounting for the decrease in electrical conductivity of the PEDOT-PSS under CO exposure. When CO is removed, the adsorption peak at 1635 cm -1 remains observable. This indicates that the interaction between CO and PEDOT-PSS is irreversible, corresponding to the irreversible conductivity response observed when replacing CO by N 2 . The temperature programmed desorption experiment (TPD) was carried out, after the saturatation of adsorption of CO and flushing with He. TPD thermograms of ZSM-5 zeolites of various Si/Al ratios are shown in Figure 6 . Adsorbed CO was desorbed during TPD starting from about 27 o C and ending at about 600 o C. This suggests that the adsorbed CO on HZSM-5 is also present as the chemisorbed species (or irreversibly adsorbed), with the exception of HZSM-5 with Si/Al= 280 where no CO desorption can be detected during the TPD experiment. This observation indicates that chemisorption of CO on ZSM-5(280) does not occur. Thus, the TPD thermograms are consistent with the results obtained from FTIR and electrical conductivity sensitivity responses; this is due to the weak base properties of the CO molecule. The TPD thermograms suggest a weak chemical interaction between H + and CO. The TPD thermograms of ZSM-5 show two desorption peaks: the lowtemperature peak and the high-temperature peak; this result can be related to the weak active site and the strong active site, respectively. The thermogram peak of HZSM-5(23) is greater than the others, which indicates that more active sites are available for CO adsorption relative to the other HZSM-5 samples [34, 35] . 
Temperatures (

Conclusions
Poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonic acid), PEDOT-PSS, was successfully synthesized via oxidative polymerization at various EDOT to PSS mole ratios. The composites with PEDOT-PSS as the matrix containing ZSM-5 zeolites of various Si/Al ratios at 20% (v/v) were used to investigate the electrical conductivity sensitivity responses towards CO. The specific electrical conductivity of the PEDOT-PSS increases with increasing EDOT-to-PSS mole ratios and the specific electrical conductivity of ZSM-5 increases with decreasing Si/Al mole ratios. The electrical conductivity sensitivity of PEDOT-PSS_1:1/zeolite ZSM-5 composites towards CO negatively increase with decreasing Si/Al mole ratio of the ZSM-5 zeolite. PEDOT-PSS_1:1/ZSM-5(Si/Al = 23) has the highest electrical conductivity sensitivity response. The addition of ZSM-5 enhances the interaction between the PEDOT-PSS and CO gas, a desired characteristic of the zeolites. However, the composites produce irreversible responses; thus further work is required before it can be used as a CO sensing material. Heat treatment is one possible way to regenerate or to renew the sensing material, but the change in electrical conductivity of the PEDOT-PSS and the stability of the PEDOT-PSS should be taken into consideration.
Experimental part
Materials
As the monomer, 3,4-ethylenedioxythiophene, EDOT (AR grade, Aldrich), was used. Poly(styrene sulfonic acid), PSS, was used as the dopant. Sodium persulfate, Na 2 S 2 O 8 (AR grade, Aldrich), was used as the oxidant. Zeolite ZSM-5 samples (Si/Al: 23, 50, 80, and 280) in powder form were purchased from Zeolyst International and used in this experiment. Carbon monoxide gas (TIG, 1000 ppm) and nitrogen gas (TIG, 99% purity) were used to investigate the electrical conductivity sensitivity responses of the composites.
Polymerization of poly(3,4-ethylenedioxythiophene)
PEDOT-PSS at various EDOT:PSS mole ratios in the range of 1:1 to 1:10 were prepared by mixing 3,4-ethylenedioxythiophene, the PSS solution, and Na 2 S 2 O 8 in water. After initial stirring at room temperature for 10 minutes, Fe 2 (SO 4 ) 3 was added and the mixture was stirred vigorously for 24 hrs. The obtained dark, aqueous PEDOT-PSS mixture was purified by ion exchange with Lewatit M600 and Lewatit S100, resulting in dark blue, aqueous PEDOT-PSS solution. A transparent film of PEDOT-PSS was obtained by casting the aqueous PEDOT-PSS solution at 100 ºC for 24 hrs in a vacuum oven.
Composite preparation
PEDOT-PSS powder was ground, sieved with a 38 µm sieve, and then dried prior to mechanically mixing with dried zeolite powders at a zeolite amount of 20 % (v/v). The mixtures were obtained by compressing with a hydraulic press machine at a pressure of 6 kN into a thin disc with a diameter of 10 mm and a nominal thickness of 1 mm.
Characterization
A Fourier transform infrared spectrometer (FTIR Nicolet, Nexus 670) with a resolution of 4 cm -1 and the number at scans of 32 was used to characterize the functional groups and the frequency changes before, during, and after CO exposure. The thermal stability of the PEDOT-PSS was investigated by using a thermogravimetric analyzer (Dupont, TGA 2950) with a heating rate of 10 °C/min under O 2 atmosphere. A scanning electron microscope (SEM JEOL, JSM 5200) was used to observe the morphology of the PEDOT-PSS, zeolites, and PEDOT-PSS/zeolite composites in powder form. An X-ray diffractometer (XRD Phillips, Rigaku) was used to examine the degree of crystallinity of the PEDOT-PSS and the crystal order of the zeolites. The surface area, pore width and pore volume of the ZSM-5 zeolite were measured using a surface area analyzer (Sorptomatic-1990). Temperature programmed desorption (Micromeritics, TPD/TPR 2900) was conducted and the HZSM-5 zeolite was pretreated at 500 °C. CO was adsorbed at room temperature and subsequently flushed with He. The TPD was started by increasing the temperature up to 600 °C with 10°C /min ramp.
Electrical conductivity measurement and gas detection
The electrical conductivity values of the PEDOT-PSS, ZSM-5 zeolites, and its composites under exposure to air, N 2 , and, CO were measured in a special gas cell. It consisted of two stainless steel chambers connected in series. The first chamber and the second chamber were called mixing and measurement chambers, respectively. Temperature controllers connected to both chambers were used to monitor and control the temperature within the gas chambers. The second chamber contained two custom-built two-point probe meters connected to a voltage supply (Keithley, 6517A) for applying the constant voltage source (S/cm) values of σ and recording the resultant current. The specific conductivity of the pellets were obtained by measuring the bulk pellet resistance R (Ω). The relationship σ = (1/Rt)(1/K) = (I/Vt)(1/K) was used to calculate specific conductivity, where t is the pellet thickness (cm), I is the resultant current (A), V is the applied voltage (V), and K is the geometric correction factor, which is equal to the ratio w/l, where w and l are the probe width and the length, respectively. The geometrical correction factor (K) was determined by calibrating the custom-built two-point probe with semi-conducting silicon sheets of known resistivity values. Electrical conductivity values of several samples were first measured at various applied DC voltages to identify their linear Ohmic regimes. The electrical conductivity response and sensitivity of the composites were determined from following the equations: 
